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 Atistract  : Propagation f hydromagnetic waves through  the ionospheric  region  is
     investigated for the purpose of explanation of geomagnetic Pc 1 pulsations. Ray-
     tracing method is employed and profiles of the refractive  hydromagnetic 
     waves of the extra-ordinary mode versus height are obtained for a givenmodel of the 
     ionosphere. Results of the numerical calculation confirm that the ionospheric F region 
      behaves as a  wave-guide forthe waves. It is also found that attenuation of  hydro-
     magnetic waves passing through this wave-guide is not so strong in the nighttime 
     condition. This may give an explanation to the fact that geomagnetic Pc 1 pulsations 
     are more frequently observed during the nighttime than during the daytimeat middle 
      and low latitudes. 
1. Introduction 
   Geomagnetic Pc 1 pulsation is essentially attributed to the  hydromagnetic 
emissions of the ordinary mode generated in the deep magnetosphere and guided to 
the high-latitude ionosphere along a magnetic field lines having  an L value ranging 
from 4 to  10. 
   Observations at many ground-based stations seem to suggest hat the signals 
entered into the high latitude ionosphere travel to middle and low latitudes through 
the ionosphere.  Wentworth  et at. (1966) confirmed that the signals arrived at high 
latitude stations earlier  than at middle and low latitude stations, and the time-delay 
 between College, Alaska, and the low latitude station Kauai amounted to 5.8  see, on 
the average, and the delay between the middle latitude station Palo Alto and Kauai 
to 3.2 sec, with the time accuracy of ±0.8 sec. They also reported that the  "structure-
doubling" was observed at these stations as well as at the near-equator station, Canton 
Island. These time-delays give propagation velocity of about 900  km/sec when the 
 travel velocity of the signal is projected to the  earth's surface. This value of the 
velocity is close to the Alfven velocity at the peak of the ionospheric F region. 
   Tepley (1964) pointed out that there was  180'  phase shift between the signals 
recorded at a pair of conjugated stations. The frequency of occurrence at high 
latitudes is minimum in the nighttime, while at low latitudes it is minimum in the 
daytime. This may be caused by the effect of the attenuation of  the waves in 
passing through the ionosphere.
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   These observational characteristics seem to confirm the idea that Pc 1 propagates 
through the ionospheric F region from high latitudes to low latitudes. 
   Tepley and Landshoff (1966) gave an explanation on thePc 1 postulating that there  
•xsists a wave-guide centered at the  F2 peak. Manchester (1966) also calculated 
the propagation of waves from the same standpoint. 
   In this paper, propagation of hydromagnetic waves through the ionosphere will 
 be investigated by ray-tracing method.  In the next section the fundamental equations 
and the expression of the refractive index for hydromagnetic waves in the local mode 
approximation will be shown. Results of numerical calculations will be shown in 
section 3. It will be concluded finally that the ionospheric F region is effective in 
ducting the  hydromagnetic waves, in other words the F region is well considered to he 
a waveguide for the waves. 
.2. The refractive indices for  hydromagnetic waves in the ionosphere 
   It is supposed here for simplification that the ionosphereis horizontally stratified 
and composed of a partially ionized plasma which contains a neutral mixture of 
electrons, three types of singly charged positive ions (H+, He+, Of), and a several kinds 
of neutral particles, and that physical parameters, uch as the number densities of 
particles, depend only on the height z from the earth's surface. Since the propagation 
of relatively high frequency hydromagnetic waves (Pc 1) is treated, the local mode 
approximation can be employed with some restrictions on the frequency, say, it is 
assumed that the waves propagate through the media whose physical parameters vary 
little in a wave-length of the waves. So the propagation of the waves can be treated 
by means of Snell's law. 
   Then the problem is reduced so that phase and energy rays are successively traced 
in a given model of the ionosphere. For this purpose, the expressions for the local 
refractive indices of hydromagnetic waves are needed (Budden,  1959). 
   The local refractive indices of the waves can be obtained from Maxwell equations 
and the suitable equations of motions of electrons and ions. It is adequate here to 
adopt Langevin equation as the equation of motions of charged particles of each 
species. So the basic equations are written as follows in  MKS units;  
2  3 I-,3 rs 
                                                                                                                                       , 
              9R,a, ses  (E 
                            3 t                     X B9jts avs (1)-   t2t
 div  D  =  0  , (2) 
    div  B  =  0  , (3) 
       rot E = — 3  Btto a H(4) 
 at at 
                   D     rot H  =3(5)
                      at '
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 D=  c,E  +E  Ps  ,  P,  n,  es  rs  . (6) 
Here the subscript  s  =e or  i is for electrons  or ions respectively, and  afts,  vs and r, 
denote the mass, the collision frequency with neutral particles, and the position 
vector of a particle of the kind s, respectively. Other symbols are conventional ones. 
    The electric polarization vector P, is expressed by the electric field through  eq.. 
(1), 
(  p x  U2  —  12  Y2  —  in  Y  U  —  lm  Y2  imY  U  In  Y2 
         X P =Y U — lm Y2U2— V22Y2 —U  mn  Y2    Y
U.(U2Ea—172)  
I  P,  —  im  Y  U  —  in Y2  it  Y  U  —  mil  Y2  u2_  i22  y2 
 Exl 
 X  lEy  =  co  •  E  , (7) 
 E 
where  X5 =  ns  es2/E-09J15002, Y, —  es  BI9Its  co,  US = 1 —  I  vslo) ,  i  , 
and (1,  m, n) is direction consine of the vector Y with respect o the opposite direction 
of the earth's magnetic field, and the dependence of all of the field variables on time 
t is assumed to  be'-  exp (1  m 1). 
    Only the collisions of electrons or ions with neutral particles hould be taken  into. 
account, since the other collision processes are not effective at the altitude considered 
here. The collision frequencies  1,8, and  vi are given in the CGS units as, 
 v,  — 5.4 x  10-1°  T8---112  , (8) 
 pi  —  2.6  x  10-9  (1,4,  ni)  , (9) 
where  ni and  n„ are the number densities of ions and neutral particles in cm3 
respectively, and M is the mean molecular mass of the particles, and T, is the electron 
 temperature' in °K. 
    Introducingthe refractive index  91=cic10), where k is the wave vector, the wave 
equation is written in the  form, 
 91 X  01  X  E)  +  K  •  E  =  0  , (10) 
where K is the dielectric tensor and is defined by the relation 
 D—E,E+E  —  F0(1  +E s)  •  E  coK•E (11) 
If the direction of the earth's magnetic field is taken to be perpendicularly upward  to 
the ionosphere and the refractive index,  i, lies in the x-z plane, eq. (10) is much more 
 simplified. Hence a dispersion relation is yielded in a standard manner (see, Stix 
(1962) ) and its general form is expressed as 
 A  914  B  912  +  C  0. (12) 
This equation is solved formally for the mode considered here,
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                          B + -1,/B2  —4A C         ,Syi 2 _. (13) 
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   After some algebraic reductions, the expressions for the coefficients  A, B and C are 
yielded as follows, 
 A  =  S  sin2  0  +  P  cos2  (9  , 
 B  —  R  L  sin'  0 +  PS (1  +  cos2  0) , (14) 
 C  —  P  R  L  , 
where 
         S = (R  +  L)12 , (15) 
 D=  (R  —  LV2  i  , (16) 
                H2co 
                                                           s 
 R  =  1  —  E (17)  
s  CO2 CO — i vs -1-- Qs' 
                                          2 
 L--=--- 1  —  E Hs  CO   (18) 
 s  (02 co — i vs — 12, 
                             TT2co 
 P  =  1  —  Es  (19) 
 s  CO2  co  —  i  vs 
                                es2 ii 1/2         eB                  H.,=(- s) , andSls  = -=c —  , (20) 
         Eons Ms 
and  0 is the angle between the vector k and the geomagnetic line of force. 
   Here the ionosphere is supposed to contain electrons, three types of ions (H+,  He+- 
and 0+), and five types of neutral particles (N2, He, H,  02 and 0). Since only the 
hydromagnetic waves of the extra-ordinary mode of hydromagnetic waves  (0<iline,<H,2) 
are treated, electron terms in eqs. (17) and (18), and ion term in eq. (19) can be 
approximated, and the expressions for R,  L,  S, D and P are yielded as follows; 
      11,2, nip_  1  hie+ 1no+1-I  R
=1 + 1  1 + 4,  — — — 
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            11,2,                1111+11TH e+ Ift0+ 1.1 D -----1  _ —— 
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where  4,—  (6) —  ips)1125. 
    Thus, the refractive index becomes a complex function of the frequency, co, and 
the angle between direction of the phase ray and the geomagnetic l ne of force,  0, as 
well as a function of the height, z, through 11(z),  2(z) and v(z). 
    However, the profiles of the refractive index versus the height,  (z), for the 
wave at a fixed frequency, can not be directly obtained but by a procedure determining 
the phase path and energy path with successive use of Snell's law from an initial 
level at which the refractive index and incident angle are given. 
   Introducing a complex phase angle 0 in the way in which fields variables have 
a form  G  (x, z,  t)  cn exp  [iKl (x  sin0-1-z cos0)  ], we have a relation known as Snell's law, 
 T sin 0 = constant  (= .Y) (22) 
Connection  between  0 and 0 is easily obtained as 
 0  =  0y  —  cp  , (23) 
where 
              cp =  tan  tanh  0,  , (24)  91
, 
and subscripts r and i denote the real and the imaginary parts, respectively. Multi-
plying eq. (22) by itself and substituting it into eq. (13), we have an equation 
                  A (C sin4  0 — B sin2 0 + A  .y4)  0  , 
which implies 
 A  0  , (25) 
or 
                   C sin4 0 — B ,Y2 sin' 0 + A.Y4 — 0 . (26) 
   It is appearent, however, that eq. (25) is not the case since we have, in eq. (14), 
A  —P  cos200 except for the very narrow range of  0, i.e.,  I  0-7r121<1. 
   Thus the problem reduces to obtain successively the solution of eq. (26) for the 
complex phase angle 0 within each homogeneous thin layers, and to combine the 
solutions in each layers by Snell's law with the initial condition of  —911 sin  ei at  z=z1. 
   The imaginary part of the refractive index multiplied by  wic gives the inverseof an 
attenuation distance of the amplitude of an elementary ray. This attenuation purely 
results from the energy dissipation due to damping of the oscillations of charged 
particles in collisions with netural particles. 
3. Numerical calculations on the profiles of the refractive indices 
   In the previous section, expressions of the refractive index for  hydromagnetic 
waves of the extra-ordinary mode were obtained by the local mode approximation. 
Then the propagation of the waves is well treated by numerical tracing of the phase 
paths through a given model of the ionosphere. 
   A model of the ionosphere mployed here is constructed from the data reproted 
 b  y Gurnett  et  al. (1965) on the density distribution of the charged particles, and
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also from the data by Harris and Priester (1962) on neutral particles. Electron 
temperature is assumed to be 800°K throughout he region, and the intensity of the 
geomagnetic field at 300 km is taken to be 0.35 gauss. 
   The density distributions of charged particles and neutral particles are shown in 
Figures 1  and 2, respectively. Figure 3 shows the collision frequencies of charged 
particles with neutral particles for our model of the ionosphere. 
   Since the refractive index and the phase angle, starting with their real values, 
become complex numbers through the course of propagation because of collisional  
I  500— 
                                                               Te=800°K 
                                                               2200  L.T.
             E 
  o 1000e 
 100,4e4-  500  0+ 
 •' 1  1   11110  I  I  110.111  
 02  103  104  105  106 
                                  NUMBER  DENSI  TY  (  cm-3) 
 Fig. 1. Density profiles of charged particles used to construct the present model of the iono-
    sphere. These are drawn according to the data given by Gurnett  et  al. (1965). 
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Fig. 2. Density profiles of neutral particles used to construct the present model of the  iono-
    sphere. These are drawn accordng to the data given by Harris and Priester (1962).
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 Fig. 3. Collision frequencies of the charged particles with neutral particles. These are  calcu-
    lated from the data shown in Figures 1and 2. 
damping, numerical calculations were performed after re-arranging their expressions in
a suitable form for machine computations. 
   Results of the numerical tracing of the paths of elementary rays starting from  Zi-
300 km with various incident angles are shown in Figures 4 and 6. 
   Figure 4 corresponds to a case of frequency  f—cof2z-0.25 Hz. A solid curve 
shows  the profile of the real part of the refractive index,  94(z), with an incident angle 
           8001 i  
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Fig. 4. The profils of the real part of the refractive index  9,.(z) for the waves at  frequency  f=0.25 
    Hz. A solid curve corresponds to the case in which the wave is injected to the height 
   300 km at an incident angle  81=-10°. The clotted lines designated by 10°,  20°, etc. indicate 
    the region through which waves with the incident angles of  01---10°, 20°, etc. can  propagate.'
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of  Hi  lir. At the uppermost and lowermost height of the curve, say,  z=zu and  z=zL, 
the wave propagates horizontally, so the region between  zu and  zL is regarded as a duct 
for the wave. The dotted straight line designated as  10° represents this region, i.e., 
the duct for the wave with the phase angle of  61-10° at  z=300 km. 
   Calculations on  T,(z) were performed for various incidentangles, say, from  01— 
 10° to  01-80° with the step of 2° to 10°, but, at this low frequency, the resultant 
profiles of  1, (z)scarcely  differ from each another. Then, the solid curve represents he 
profile of the refractive indices  91,.(z) in the most part of the range of  Of. Therefore the 
other dotted lines in this figure show the region in which the waves  with the particularly 
designated phase angle  el at  z1=300 km can propagate. 
   In Figure 5 the duct for the waves at frequency  f =0.25 Hz is shown by a region 
surrounded by the curves of uppermost and lowermost heights. Figure 6 shows the 
profile of  aZ,.(z) for the waves at frequency  f-2.0 Hz. For the large values of the 
incident angle  el, the profile differs a little from those for lower values of  en but in a 
wide range of  el the profile of  91,.(z) takes the same forms as in Figure 4. 
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 Fig. 5. The region in which waves at frequency  f=0,25 Hz canpropagate, is shown. The upper-
     most and lowermost heights of the duct are indicated by the solid line. 
    Figure 7 shows the attenuation coefficients of the waves versus frequency and the 
initial incident angle. Although the attenuation coefficient was calculated only at the 
height of  z=300 km, where the center of the duct lies, it is clear that the waves with 
small values of  0  j will be suffered from a stronger attenuation than the waves with
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 Fig. 6. The profiles of the real part of the refractive index  9-trw for the waves at frequency 
 f  —  2.0  Hz. 
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 Fig. 7. The attenuation coefficient of hydromagnetic waves of the extra-ordinary mode 
      at the height of 300 km. 
 larger values of  el in the course of the propagation through the ionosphere. Further-
more, as seen in Figure 5, the waves with small values of  6i spread widely in the 
ionosphere, in other words, the waves are not well guided. Thus, it is concluded that 
the ionosphere behaves as a wave-guide for hydromagnetic waves in the extra-ordinary 
mode especially for the waves with large values of phase angle at the  F2 peak.
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4. Discussion and Conclusions 
   We have calculated on the propagation of hydromagnetic waves in the  extra-
ordinary mode through the ionospheric F region for the purpose of explanation of some 
natures of geomagnetic Pc  1 pulsations. 
   We have concluded that the waves entered into the ionospheric F region at high 
latitude at suitable incident angles are well guided through the F region toward low 
latitudes without suffering from a strong attenuation in the nighttime condition. This 
 result provides a physical basis for treating the ionospheric F region as a  wave-guide 
for hydromagnetic waves (e.g., Tepley and Landshoff (1966) ). 
   However our conclusions on explanation of the geomagnetic Pc 1 pulsations 
should be restricted in some extent since we have calculated only for the nighttime 
condition. The frequency of occurrence of Pc 1 pulsation is  minimum in the nighttime 
at high latitude while it is minimum in the daytime at middle and low latitudes. This 
nature of Pc 1 pulsation should be thoroughly explained by performing calculations on 
the more realisitic model of the ionosphere, which contains, especially the asymmetric 
distributions of physical parameters corresponding to the  day-night conditions. 
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